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Abstract 

The contribution of the final-state interaction to the differential cross-section of 
^ ! deuteron photodisintegration at laboratory photon energies below 50 MeV is ana- 

Q I lyzed in the framework of Bethe-Salpeter formalism with a phenomenological rank- 

CN ■ one separable interaction. The approximations made are the neglect of two-body 

^ ■ exchange currents, negative-energy components of the bound-state vertex function 

^ . and the scattering T matrix. It has been found that the gross effect of the final- 

state interaction with J ^ 1 comes from the net contributions of the spin-triplet 
final states and spin-singlet ^S'J'-state. The relativistic results are compared with 
^ the nonrelativistic ones in every partial-wave channel. It is found that the relativis- 

^ ' tic effects change the magnitude of the final-state interaction from several percent 

^ . to several tens of percent. 
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Introduction 



The investigation of deuteron photodisintegration is a direct way of probing the struc- 
^ ■ ture of light nuclei. High-precision experimental data on polarization observables of the 

^ . reaction can give information about the nucleon-nucleon (NN) interaction. On the one 

^ ' hand, the important issue related to the nuclear force is the relativistic effects, which 

may play an important role in the nuclear two-body problem (the deuteron-bound state 
^ ' and the final-state interaction (FSI) of the final neutron-proton (np) state). On the other 

■ hand, in deuteron photodisintegration, the electromagnetic (EM) form factors of nucleons 

are probed as well. Knowledge of the deuteron-bound state, the final-state interaction 
in two-nucleon scattering states and two-body currents can help to estimate the half 
on-mass-shell behavior of the nucleon EM form factors. 

The present work is devoted to a comprehensive study of contributions to the differ- 
ential cross section caused by the relativistic structure of np scattering states. These are 
analyzed in terms of the field-theoretical nonperturbative theory, based on the Bethe- 
Salpeter (BS) equation. The development of previous works [1, 2] is necessary to test the 
sensitivity of observables to the FSI due to the relativistic nuclear force and relativistic 
effects of kinematical origin. To this end, we employ a separable interaction kernel of 
the A^A^ interaction to solve the BS equation for two Dirac particles in Minkowski space. 
As a result, we obtain the relativistic deuteron vertex function in the coupled ^5*1- ^Di 
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channel and the scattering T matrix of the elastic NN scattering for the positive-energy 
partial-wave channels with the total angular momentum J = 0, 1 at laboratory energies 
Tiab^lOO MeV[3, 4]. 

This paper is organized as follows: in Sec. 1, we present the basic information on the 
kinematics of the reaction, the invariant transition amplitude and the differential cross- 
section. The relativistic approach to the A^A^ interaction is briefly described in Sec. 2. 
The rank-one separable interaction kernel is introduced in Sec. 3. In Sec. 4, we go into 
several points of calculating the invariant transition amplitudes within the BS formalism. 
Discussions of principle results and final remarks are in Sec. 5. 



1 Kinematics of the reaction 

If we denote by |F(Py,p/, Q)) any particular neutron-proton final state, the invariant 
transition amplitude Aifi for deuteron photodisintegration in the cm. frame being the 
rest frame of the np pair 

^{q,e) + d{K,M)^F{Pf,pfXf) (1) 

is given by the matrix element of the hadronic EM four current operator J^{x) between 
the initial deuteron state and final np pair state 

A^/. = £^(A) ■ {F{Pf,pfXf)\UOMK,,am,))), (2) 

where Pf = (^s, 0) and Pf = (0, p) are total and asymptotic relative four momenta of the 
pair, Ki and q = Pf — Ki are the deuteron and photon four momenta, respectively. Four 
polarization four vectors s{X), ^i{md) and Q (with A = ±1 and = 0, ±1) describe the 
internal degrees of freedom of the photon, deuteron and final np system, related to the 
angular momentum. All states in Eq. (2) are understood to be normalized in the covariant 
manner. It should be also noted that the definition of the outgoing np pair is such that 
whether the final-state interaction is switched off, it is given by a antisymmetrized product 
of two positive-energy Dirac spinors. 

The coordinate system is defined by the incoming three momentum of the photon, 
q = {0,0, uj) with |q| = u, which is along the z axis, and transverse polarizations 
£x=±i = {^1, —i,0) /\^. The asymptotic relative three momentum p is characterized 
by the spherical angles 9p and cpp in the chosen coordinate system. The z axis is also 
the quantization axis for the total spin 5" = 0, 1 of the final np system, as well as for the 
polarization four-vector ^i{md) of the deuteron. 

The cm. energy squared s of the final np pair is related to the relative three momentum 
p, s = 4(p^ + m^), and to the photon energy in the laboratory system, being the rest 
frame of the deuteron, s = -|- 2E^Md, where m and are the nucleon and deuteron 
masses, respectively. The nucleon laboratory energy Tiab = ^P^ is connected to the 
laboratory photon energy as Ej = |7iab- 

The differential cross section, in the case of the unpolarized initial configuration, can 
be written in the cm. frame as follows 

da a |p| 



Mfi P, (3) 



where a = e'^/An is the fine structure constant and line over \ Aifi \^ is the incoherent 
summation over A, and nig, being the spin projection of the final np system in spin- 
triplet channels, on the quantization axis. 
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We assume in this work that the dynamical model of the EM current operator in 
Eq. (2) is the relativistic impulse approximation not constrained by gauge invariance. For 
simplicity, wc do not modify this approximation by applying Siegert's theorem. This is a 
major drawback of the present development, preventing us from comparing of theoretical 
predictions of the relativistic theory and experimental results for deuteron photodisinte- 
gration at low energies. 

All details concerning the structure of the EM current operator and the initial deuteron 
state could be found in Ref. [1, 2], where numerical calculations of the angular distribution 
in the plane wave approximation (PWA) have been done. Thus, in determining the 
differential cross section (3), we are focused on the relativistic structure of the final two- 
nucleon system. 



2 The two-body problem in momentum space 

Within the relativistic field theory, the elastic NN scattering can be described by 
the scattering T matrix, which satisfies the inhomogeneous BS equation. In momentum 
space, the BS equation for the T matrix reads (in terms of the relative four momenta p' 
and p and the total four momentum Pf) 

T{p',p;Pf)^V{p',p;Pf) + ^ J d'kV{p',k;Pf)S2{k;Pf)T{k,p;Pf), (4) 

where V{p',p; Pf) is the interaction kernel and S2{k; Pf) is free two-particle Green's func- 
tion 

S2\k;Pf) = C^Pf^ + k-^-m)^'\'^Pf^-k-^-my'\ 

To perform the partial-wave decomposition of the BS equation (4) we introduce rela- 
tivistic two-nucleon basis states \aM) = \n, ^'"^^^LjM), where S denotes the total spin, L 
is the orbital angular moment and J is the total angular momentum with the projection 
M; relativistic quantum numbers p and tt refer to the total energy-spin and relative-energy 
parity with respect to the change of sign of the relative energy, respectively. Then the 
partial-wave decomposition of the T matrix in the cm. frame has the following form 

TaP,^d{p',P;Pf{0)) = Yl iyaM{-p')Uc)aP ® (t^C>yfoV(p))57 tab{Po, \p'\;Po, |p|;s), (5) 
JMab 

where Uc = ^7^7" is the charge conjugation matrix. Greek letters {a, (3) and (7,5) in 
Eq. (5) refer to spinor indices and label particles in the initial and final states, respectively. 
It is convenient to represent the two-particle states in terms of matrices. To this end 
the Dirac spinors of the second nucleon are transposed. At this stage T is 16 x 16 
matrix in spinor space which, sandwiched between Dirac spinors and traced, yields the 
corresponding transition matrix elements between SLJ-states. 

The spin-angular momentum functions iVaM(p) are expressed in terms of the positive- 
and negative-energy Dirac spinors u^"^^^^, the spherical harmonics lirnz, Clebsch- 
Gordan coefficients C]^^^^^^ 



yjM:LSp{p)Uc 



E ^s:4,,^/is..^^f:r..,>^L.jp)<(^)(p)<v^^"(-p)- (6) 
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The superscripts in Eq. (6) refer to particles (1) and (2). In deriving the matrix elements 
between a-states, the ortonormalization condition for the functions 3^aM(p') should be 
used 

d<^p d(cos^p) Tr [ylMiP)ya'M'{p)} 

difp d{cOs9p){ylj^{p))f3a{ya'M'{p))al3 = Saa'^MM', (7) 



where partial states a and a' belong to the same partial channel. 

The partial-wave decomposition for the interaction kernel V of the BS equation (4) 
can be written analogously to Eq. (5) 

Val3,'rs{p',P; Pm) = ^{yaMi-p')Uc)al3 (t^c3^6V(P))<57 '^abip'o, Ip'IIPO, |p|; s). (8) 
abM 

Applying the condition (7), we can obtain a system of linear integral equations of the 
off-shell partial- wave amplitudes 

tabip'o, |p'|;po, |p|;s) = VabiPo, |p'|;po, \p\;s) (9) 

+00 00 

+ 4^X1 / Jy^^d\k\vaciPoAp\',hAM'^s) Scd{ko,\k\;s)tdbiko,\k\;po,\p\;s), 



cd 



-00 



where the two-particle propagator Sab depends only on p-spin indices. 

The PWA and FSI contributions can be combined by introducing the relativistic scat- 
tering amplitude for two nucleons XSms(p',PfPf), which satisfies the following equation 

XsmMPf,Pf) = AMPf,Pf) + 4^^2(p;P/) J d'kV{p,k;Pf)xsm.{k;Pf,Pf), (10) 

with pf ■ Pf = and p'j = — s/4 + putting the outgoing particles onto the mass shell. 

The first term X^slisiP'' P f ^ Pf) i^^) PWA amplitude, which describes the free 

motion of two nucleons. Due to Pauli's principle, it is the antisymmetric combination 
of positive-energy Dirac spinors and isovcctor, isocalar factors. Omitting isospin we can 
write in cm. frame 

xsL (P'^ Pf^ ^m) = ^^^^ (p - Pf)xsL (Pf^ ^/(o)) 

= S^'^ {P - Pf) E ^IZlm/r^l (P) (-P) ■ (11) 

mim2 

It is easy to rewrite the FSI contribution to the BS amplitude, the second term in Eq. (10), 
from the T matrix, once the following relation is used, 

J d''kV{p,k-Pj)xsmXk;Pf,Pf) = J d'kT{p,k;Pf)xPmSk;Pf,Pf). (12) 



The result is 



xfmMPf, Pf) = ^S,{p; Pf)T{p,pf, Pf)xfm.{Pf. Pf)- (13) 
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The ultimate expression for the BS scattering amphtude of the np pair is solely defined 
by the T matrix half on the mass-shell 



Xsm. (p; Pf, Pf) = [S^'^ {P - Pf) + ^S^ip; Pf)T{p, pf, Pf)] xZ. (Pf, Pf) ■ (14) 
The partial- wave decomposition of XsLsiP'iPf-^f) ^® written in the form 

XslusiP'^Pf^Pfm) = C'/mSm. ^Lm(^p,95p)3^aM(p)0a,J:L5p=+l(PO, |P|;0, |p|;s), (15) 



LmJMa 



where the radial function is determined by the product of the transition matrix elements 
t and the two-particle propagator 

0a,J:L5p=+l(PO, |p|;0, |p|;s) = S+a{PO, \p\; s) ta,J:LSp=+l{PO, |p|;0, |p|;s). (16) 

The inclusion of intermediate partial-wave channels with the negative-energy Dirac 
spinors leads to large sets of two-dimensional equations in the system (9). Its solution 
determines the relativistic wave function, as well as the phase shifts from the T matrix. 
For simplicity, we switch off all partial-wave channels with negative-energy states and 
focus only on the physical channels with the total angular moment J ^ 1. Splitting the 
channels with J — and J — 1, the partial- wave decomposition for the conjugate BS 
amplitude has the form 

xfmMPf^ Pf(0)) = ^LmSMs ^Lm(^p, <^p) 3^00:L'S'(p) 0O:LS,O:L'S' (0, |p|;PO, |p|; s) (17) 

LmL'S' 

+ Yl <^imSMs^i™(^p)¥^p)3^1M:L'sKP)0I:LS,l:L'S'(O, |P|;P0, |P|;S), 
M LmL'S' 

where the spin- angular momentum functions yaAiip) for the positive-energy states can 
be written in the matrix form 

Xm(p) - -|= . F / J , A m-P2-l) Gauil + 7o) {m + P2-l), (18) 

where Ep — m? -\- p^ and explicit expressions for the matrices QaM{p) are given in 
Table 1. 

Further, we explicitly factor in contributions of the spin-singlet states ^Sq and ^P^ i 
uncoupled spin-triplet states ^Pq and ^P^ , and the coupled spin-triplet states ^Sf-^D'^ 
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Table 1: Spin- angular momentum matrices QaM for J ^ 1. 
Pi — {Ep, p), P2 = {Ep, — p) are on-mass-shell four momenta. 



'^0^ -2fe(Pl-P2)-7 

'Pi \/| 75 [\{Pi -P2)-l CfiM) ■ 7 - P ■ CfiM)] ^ 

'^t [eAM) • 7 + i(pi - P2) • 7P • w 



in Eq. (17). The result is presented in a lengthy form 



47^3 

Sso Smso -7^ 3^15+ (p) ^15+ 15+ (0' |p|;po, IpI; s) 

A / ZJ-TT ' 



X 

/47r 

+ SsoSmsO ^YiMiOp,ipp)yip+M{p)t*p+,p+{0, |p|;po, |p|;s) 

M 

+ Ssi {-Y"^^ ^Y^_^^{9p,fp)y,p+{p)tlp+,p+{0, |p|;po, |p|;s) 
Yimidp, ifip) 3^3p+m(p) ^3p+^3p+(o, |p|;po, IpI; 

Mm 

+ y^s+msiP) ^35+^35+ (0, |p|;po, IpI; s) 



. 47r 

+ ^51 J^C'2^M-mslms^2M-ms(^p,<^p)3^35+M(p)^3s+,3B+(0, |p|;Po, |p|;s) 
M 

+ ^si y^D+msiv) ^3^+ 35+(0, p;po, IpI; s) 



+ Ssi ^ Cl^-mslms ^2M-ms(^p, V'p) ^3b+m(p) ^3^+ 3i3+(0, |p|;Po, \p\] s) ] , 
M 

where 5'^^(Ao, |k| ; s) — [{y/s/2 — E]^-\- iO)^ — k^] is the projection of the two-particle prop- 
agator onto positive-energy states. 

At this stage, the contribution of the FSI to the BS amplitude of the np pair is 
expressed in terms of the spin-angular momentum functions and radial parts of the half 
off-mass-shell T matrix in jSLJ-representation. To perform further calculations, we need 
to solve the BS equation (9). 

3 A separable kernel of the AT AT interaction 

First, we assume that the interaction kernel V conserves parity, total spin S*, total 
angular momentum J and its projection, and isotopic spin. Because of the tensor nuclear 
force, the orbital angular momentum L is not conserved. Moreover, the negative-energy 
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two-nucleon states are switched off. The partial-wave-decomposed BS equation is there- 
fore decomposed to the following form 

tLu{p'o,\p'\;po,\p\;s) = VLL'bo, |p'|;po, |p|;s) (20) 



+ CXD 

i 

4 



^ J dko y"k^d|k|T;i,vKPo> |p'l;^o, |k|;s)5'++(/co, |k|;s)ti,/a(A;o, |k|;po, |p|;s), 



^' -OO 

where L = L' = J is for spin-singlet and uncoupled spin-triplet states and L, L' — J ± 1 
is for coupled spin-triplet states. 

Next, we make a rank-one separable ansatz for the NN interaction kernel of the form 

vul{po, Ip'I;po, Ip|;s) = A(?(^')(p'o, W\)g^''\po, IpI), (21) 

where A is the coupling strength and g^^\po, |p|) are the covariant form factors, which 
depend only upon the zero components poiPo and magnitudes |p'|, |p| of the spatial com- 
ponents of the relative four momenta. In Eq. (21) the partial- wave channels for a given 
J are labeled only by the angular momenta L, L'. 

Thus, the two-fold integrals in Eq. (20) can be solved in a closed form, yielding the 
final expression for the T matrix elements 

tL'M, \p'\,Po, \p\;s) = ris) g^'^'Xp',, |p'|)^(^)(Po, |p|), (22) 
where function t(s) has the form 

^'^> = raw- 

with 

^ -00 

The nuclear phase shifts 6{s) are related to the fully on-mass-shell T matrix through 
the condition of the two-body elastic unitarity. For the spin-singlet and uncoupled spin- 
triplet states the parameterizations of the on-mass-shell T matrix have the form 

tL{s) = tLL{0, |p|;0, |p|;s) = -_-^== e^^-(^) sin5i(s), (25) 

^/s^/s — 4m^ 

where 5l{s) = 5l=j{s) 

For the coupled spin-triplet states, we use the parameterization 

87ri / cos2ej e^'^< - 1 isin2ej e*(^<+''>) \ , . 

^'^^^^ ~ V^V s - Aw? V ^gi^2ej e^('^<+^>) cos 2e j e2*^> - 1 J' ^^^^ 

in terms of the phase shifts 5^ = SL=jzfi and the mixing parameters ej{s). 

In numerical calculations of the phase shifts, we consider the covariant relativistic 
generalizations of the Yamaguchi-tjpe form factors 



7 



Table 2: Kernel parameters for partial- wave channels with J ^ 1 







-'St Dt 






3P+ 
1 


A (GeV2) 


-0.28554 


-0.50269 


-0.016123 


0.091535 


0.084724 


Po (GeV) 


0.221858 


0.25124 








Pi (GeV) 






0.21861 


0.27673 


0.28398 


P2 (GeV) 




0.29399 








C 




1.6471 









The nuclear phase shifts 5, mixing parameters e, as well as the low-energy NN pa- 
rameters (the scattering length and the effective range) and the deuteron static properties 
(the binding energy, a D-state probability and the quadrupole moment) can be computed 
in terms of internal parameters A, C and Po,i,2 through a specially designed procedure. 
Technical details can be found in Ref [4]. Values of the parameter are in Table 2. 



4 Calculation of the transition amplitudes 

In the framework of the BS formalism, the invariant transition amplitude, given by 
Eq. (2), can be written as 

Mfiiq, Ki) = j (fp d^k Xsms{p;Pf, Pf) ■ J{p, k- P/, K^) S2{k, Ki)T^^{k, Ki), (30) 

where subscripts / and i imply the polarization quantum numbers of the final (Snis) 
and initial {Xm^) states, respectively; the BS amplitude XsmsiP'iPf^ Pf) of the np pair 
is given by Eq. (17); Tmaik, Ki) is the deuteron vertex function, which is the solution 
of the homogenous BS equation with the same interaction kernel V; J{p, k; Pf, Ki) is 
Mandelstam's EM vertex operator, describing the interaction of the photon with the 
hadronic system. The structure of the EM current operator is specified by the microscopic 
model such as the impulse approximation (lA). 

The invariant transition amplitude of Eq. (30) can be cast into the form 

Mfi = M^^j^ + M%% + Mfi,TB, (31) 

where Aif^A transition amplitude in the plane-wave impulse approximation; 

M-ffjj^ determines contributions of FSI to the impulse approximation, and M.fi,TB ac- 
counts for two-body exchange currents. In the present work wc consider only the first two 
terms in Eq. (31), and their explicit expressions are expressed by 



MfSi = -^(A)Sp{xit(P/,P/) [r^'H<i) + i-ir'r^'H<i)]m 

X S {C-'C^iKi - q) +pf)) {C-\pf - |g);X,(o)) A{C)-' |, 

mZ'a = -^(A) Jd'pSpi^xtsip-^Pf,Pf) [rw (?) + (-i)^+^r(^) (g)] A(>C) 

xS {C-\^{Ki -q)+p) r^, {C-\p - ig); X,(o)) A(>C)-^|, 



(32) 



(33) 



where F'^^'^-' refers to the 'yNN vertex operator of particle (1) or (2); the Dirac operator 
A(£) corresponds to the Lorentz boost transformation i^^j(o) = jC~^Ki, which places the 
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deuteron at rest. The np amplitudes X^sms ^^"-^ ^slas deuteron vertex function 

are 4x4 matrices in spinor space. 
Next, the partial-wave decompositions of Eq. (32) and (33) have to be carried out. 
Since in Ref. [1, 2] that has been done in great detail for the invariant transition amplitude 
in PWA, here we present only the final result for the invariant transition amplitude with 
FSI included 

mZ'a = E E E E ^'i-^rcizt;:YU0p,o) 

J=0,1 5=0,1 L"=0,2 LL' mix 

+0O +0O +1 

J ''J/ '^'y ^ {^s/2-Epf-pl-iQ 

— oo —1 

cl>L" {C-\po - u;/2), - q/2)|) 
^ iPf/2-q+pr-m^ + iO ^-'-"^P' P' ^''^ 

where 4>l"{po, |p|) is the radial part of the deuteron vertex function, T^,j;^„(p, p; g) are 
the matrix elements of the Dirac operators A(£) and the 'yNN vertex r^^''^\q) between 
the spin-angular momentum functions and yL"- We calculate T^,^„(p, p;g) using 
the algebra manipulation package REDUCE. What then remains to be done is a three- 
dimentional integration over po, |p| and cos^^p. The integration over po is performed 
analytically with the help of Cauchy'a theorem, giving special attention to the compli- 
cated singularity structure of the integrand in Eq. (34). The remaining two-dimensional 
integration is done numerically, using the programming language FORTRAN. 



5 Results and discussions 

We should mention that we can demonstrate the importance of final-state interaction 
from the threshold of deuteron breakup to the laboratory photon energy = 50 MeV. 
This is because the rank-one separable potential does not provide satisfactory fits to the 
NN scattering experimental data for the spin-triplet ^Poti"*^^^^^®^^ above Tiab ^ 100 MeV. 
Fortunately, it is sufficient to take into account final states only with J ^ 1 within this 
energy range. 

In Fig. 1, 2 we show the results of our investigation. The curves labeled by PWA 
and NR PWA depict the results of calculations in the plane wave approximation with 
one-body current within the relativistic and nonrelativistic models. Notations FSI and 
NR FSI correspond to calculations in impulse approximation with final-state interaction 
included within the same models. 

In Fig. 1, the differential cross section da/dQp, v.s. the Eq. (3), at three different 
laboratory energies 3, 20 and 50 MeV, in units of microbarns, is shown as a function of the 
cm. proton angle. The sensitivity of the angular distributions to the various final-state 
interaction is illustrated by a computation of contributions from separate partial-wave 
channels of the final np system with J ^ 1. The solid curve in Fig. 1 represents the result 
of the plane-wave impulse approximation. Immediately, we can see that the relative value 
and sign of final-state contributions change with increasing photon energy E^. The tensor 
force in the initial bound and final-scattering ^5*^- ^Df states is made — ^ %■ On 
the other hand, transitions to the isovector final states ^Sq and ^P^ play a predictably 
significant role even at small E^, and their contributions become relatively large as the 
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photon energy increases. The contribution of the isoscalar spin-singlet final state ^P^ 
is negligible for the considered range of the photon energies, because this partial-wave 
amplitude is proportional to small factor with /i^ = —0.12 and relativistic effects arc 
very small. The isoscalar spin-triplet final state "^S^- ^Df becomes pronounced at about 

= 50 MeV. It is confirmed by numerical results, obtained in Ref. [5] , in the framework 
of the nonrelativistic theory. Moreover, in view of the interference between isovector and 
isoscalar spin-triplet final states, the contribution from the transition into ^S^- ^D^ final 
state does not vanish as increases. On other hand, ^P{'"-contribution is indeed small 
for photon energies up to 300 MeV. An interesting question here is the role played by the 
relativistic corrections. 

Fig. 2 helps to gain some insight into the relative importance of the relativistic ef- 
fects in the considered final np scattering states. We make additional calculations of the 
differential cross section in the nonrelativistic phenomenological treatment of deuteron 
photodisintegration: (1) using the radial wave function of the deuteron for the nonrel- 
ativistic Graz-11 separable kernel with the deuteron Z^-state probability P^^ = 4 % [6]; 
and (2) computing the relativistic matrix elements iLL'(0, |p|;Po, |p'|;s) at p'^ ~ 0. This 
provides us an opportunity to make term-by-term comparisons of various final-state con- 
tributions. 

Our analysis shows that contribution of final-state interaction is changed by several 
percent aX, E^ = b MeV and up to twenty percent at E^y = 50 MeV, when computed in the 
framework of the relativistic model. We conclude that the relativistic effects stemming 
from the final-state contributions should be incorporated in the development of a rigorous 
theory of deuteron photodisintegration at higher energies. Unfortunately, our results 
cannot be compared to the experimental data. The differential cross section is much too 
low because we neglect the two-body exchange currents and negative-energy components 
of the bound-state vertex function and the scattering T matrix. 

Acknowlegments. One of the authors (K.Yu.K) greatly appreciates the help of 
Mr. N. Thacker in preparation of the English version of this manuscript. The work was 
supported in part by the Russian Foundation for Basic Research, grant No. 02-02-16542. 
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Figure 1. Contribution of the separate partial- wave channels of the final pair into the 
angular distribution of cm. differential cross section at different laboratory photon 

energies. 
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Figure 2. Cm. differential cross section at different laboratory photon energies. 
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